We consider a cohort of 1 189 male German factory workers (production period 1952-1984) who produced phenoxy herbicides and were exposed to dioxins. Follow-up until the end of 1992 yielded a significantly increased standardized mortality ratio (SMR) for total cancer (SMR 141; 95% confidence interval 117-168). 2, 3, 7, 
Introduction
The most toxic dioxin congener, 2,3,7,8-registry of persons occupationally exposed tetrachlorodibenzo-p-dioxin (TCDD), was to phenoxy herbicides and contaminants a contaminant in the production of (TCDD and other higher chlorinated phenoxy herbicides such as 2,4,5-trichloro-dibenzodioxins and -furans). The studies phenoxyacetic acid (2,4,5-T) and its deriv-showed a rather consistent picture of an atives. Cohorts of workers occupationally increased cancer risk for all sites if cohorts exposed to TCDD have been studied with verified high exposures to TCDD are extensively (1) (2) (3) (4) The International Agency for Research on Cancer (IARC) recently reevaluated TCDD (6) (7) and classified it as a Group 1 substance, i.e., carcinogenic to humans. This evaluation was based on studies conducted over the past 10 years in addition to broad knowledge on the mechanistic action of TCDD. However, a quantitative assessment of cancer risk associated with TCDD is difficult because the observed relative risks (RR) are low even in highly exposed occupational groups, potential confounding factors could not always be taken into account, and quantitative exposure assessment was not always possible. TCDD accumulates in the body fat with a half-life of about 7 years (8, 9) . Other congeners showed half-lives ranging from 3.0 years (1,2,3,4,6,7,8-heptachlorodibenzofuran) up to 19.6 years (2,3,4,7,8-pentachlorodibenzofuran). Dioxins and furans therefore are among the few substances for which the past exposures can be assessed accurately even decades after exposure, making quantitative risk assessment more promising.
In this paper we describe a dose-response analysis for total cancer mortality and TCDD and toxic equivalency [a weighted sum of dioxins and furans; (7) ] exposure based on a highly exposed occupational cohort from Germany, which has been studied previously (3, 4, 10) . We know that risk assessment for dioxins is a complex issue that must take into account several lines of scientific research. The purpose of this paper is to use an epidemiologic data set, among the best available, to derive a quantitative estimate of cancer risk from human data.
Material and Methods

Cohort Description
The cohort studied consists (13) , "the appropriateness of the AUC for understanding the effects of drugs and chemicals that act through a receptor-mediated mechanism has been noted in pharmacology tests." There is strong evidence that TCDD acts through binding to the aryl hydrocarbon receptor (7) . The AUC can be converted to the lifetime average daily (or yearly) dose. Table 1 shows the relation between lifetime average yearly dose (dose rate), the associated blood level (concentration), and the AUC, assuming a lifetime of 70 years for selected doses.
For example, a constant intake of 1 ng/kg body weight/year yields a concentration of approximately 10 
Attributable and Absolute Risk Estimaton
The dose-response functions can be used to estimate the impact for a population with a given background level. Both the absolute risk for a given (unit) level and the attributable risk (AR) can be estimated. The attributable risk for TCDD exposure is
f RR(TCDD)f (TCDD) wheref is the density ofTCDD distribution in the population. This formula reduces to AR= RR-i RR if the RR function is linear in the dose range observed in the population, where RR is that for the mean exposure level of TCDD in the population. Information on background exposure to TCDD, TEQ, and ,-HCH and resulting blood levels in Germany (16) (17) (18) were used for calculation. The attributable risk is given for the accumulated dose at age 70 under background exposure, which is approximately 240 ng/kgxyears (Table 1) .
For absolute risk estimation we consider the absolute additional cancer risk associated with a constant exposure to a predefined dose, known as the unit risk (UR). It is defined as UR= P(disease lifelong constant exposure of unit dose)-P(disease no exposure). This quantity may be estimated using background mortality rates and the derived RR function (20) . Here we use the German rates for total cancer mortality and total mortality (22) . In accordance with previous risk assessments, we use the daily dose 1 pg/kg body weight/day as the unit. Assuming a body fat proportion of 25% this daily dose corresponds to 4 pg/kg fat/day or 365 x 4 = 1.46 ng/kg fat/year. According to Table 1 this yields a cumulative dose of 869 ng/kg fat x years after a 70-year exposure to TCDD.
To calculate the UR based on ambient air exposure, we need additional considerations. Assuming a daily respiratory volume of 20 m3 and absorption of 50% (20), we get an intake of 10 pg/day from a unit ambient air concentration level of 1 pg/m3, i.e., 0.14 pg/kg body weight/day (assuming a mean body weight of 70 kg). This corresponds to 0.56 pg/kg fat/day= 0.204 ng/kg fat/year and equals 14% of the unit value obtained from an intake of 1 pg/kg body weight/day.
We used the SAS software package for all calculations. Cox regression models were fitted using PROC PHREG. The software package EGRET was used for Poisson regression (23) .
Results
As shown in Flesch-Janys et al. (12) Table 2 . The results with external rates reflect the observation in Flesch-Janys et al. Table 3 . As in the SMR analysis, increasing RR was observed with increasing dose level. Investigation of TEQ levels grouped into five categories yielded results similar to those for TCDD; however, there was a somewhat less pronounced increase in risk with increasing dose levels ( Table 5 ). Table 7 shows the results of the investigaAnalysis for lung cancer using either tion of possible latency effect on total TCDD or TEQ as the exposure variable cancer mortality. The regression coeffiyielded almost the same regression esti-cients for TCDD and TEQ, the associmates as that for the total cancer analysis ated p-values, and the goodness-of-fit Figure 2 shows corresponding results with a latency of 10 years. Table 8 gives the results of three selected models: the model with the best fit, the additive RR function, and the exponential RR function, all with latency times of 0 and 10 years.
The differences in respective fits are small; therefore we cannot justify selection of a particular model on statistical grounds. The model with the best fit has a concave shape and therefore yields higher risks for low exposures. The dose-response curves are displayed in Figure 3 .
The same procedure was applied for TEQ. Again, the differences in goodness of fit were small. In this case, the model with the best fit is rather close to the additive RR function. Results of the analysis are given in Table 8 40,000 60,000 80,000 100,000 TCDD, ng/kg blood fat x years Table 9 . Unit risk estimations for TCDD using different models and latency times.
----RRIxI = explo.00000869x1 RRIx) = 1 + 0.000016x -RxI= exp(0.326xIlog(0.00017x+ 1)) 120,000 140,000 160,000 
Childhood Exposur
It must be noted that with our data it is not possible to address the effect of dioxin exposure in childhood. Although it is likely that metabolism at younger ages yields a shorter half-life for dioxins, data on adverse health effects, in particular cancer development later in life, are not available and cannot be deduced. It is possible that such effects may become visible after a long-time observation time of Seveso, Italy, cohort (27) . One cannot exclude the possibility that exposure to TCDD in early childhood poses a higher risk than predicted from the models given here. Although it is possible to employ some safety factors for childhood exposure levels to address this fact, such factors must be arbitrary and would not be based on scientific knowledge. 
Dose Metric and Latency
